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to other serious diseases such as fibrosis and asthma. Mesenchyme cells are generally thought to represent highly proliferative, migratory, and multipotent cells that condense around epithelia to generate support and stromal cell types and do not form organized progenitor pools. Elucidating their behavior has been limited by the inability to track the fate of individual mesenchymal cells in development.
RATIONALE:
We adapted clonal cell labeling strategies with multicolor reporters in mice to probe the behavior and potential of individual and sibling mesenchyme cells in lung development. This was used to define the proliferation, migration, and differentiation behavior of individual mesenchyme cells and to map the locations and behavior of mesenchymal progenitors at single-cell resolution.
RESULTS:
We show that although mesenchymal cells are highly proliferative, as classical studies suggested, there is a surprising diversity of mesenchymal progenitor populations with different locations, patterns of migration, recruitment mechanisms, and lineage boundaries. We focus on airway smooth muscle progenitors, which map exclusively to the mesenchyme just ahead of budding and bifurcating airway branches. Progenitors are recruited from these tip pools to the branch stalk, where they differentiate into circumferentially oriented airway smooth muscle cells. There is a lineage boundary that prevents mesenchymal cells surrounding airway stalks from becoming airway smooth muscle from branch sides, but this stalk mesenchyme can be induced in the presence of a newly budded airway branch to generate a new smooth muscle progenitor pool dedicated to the new branch. Micrografting experiments show that the airway tip alone is not sufficient to induce a new smooth muscle progenitor pool in stalk mesenchyme. The missing mesenchymal signal can be provided by a focal Wnt signal, and delocalized Wnt pathway activity expands or alters the progenitor pool, causing ectopic smooth muscle formation on nearby endothelial cells.
CONCLUSIONS:
Lung mesenchyme is neither a large homogeneous progenitor pool, as it has classically been viewed, nor a collection of discrete, isolated, and unchanging progenitor niches. Rather, the progenitors of each differentiated cell type occupy different locations and display varied modes of recruitment. The localized and carefully controlled domains of airway smooth muscle progenitors rival epithelial progenitor niches in regulatory sophistication. ■ Read the full article at http://dx.doi .org/10.1126/ science.1258810 1 * Most vertebrate organs are composed of epithelium surrounded by support and stromal tissues formed from mesenchyme cells, which are not generally thought to form organized progenitor pools. Here, we use clonal cell labeling with multicolor reporters to characterize individual mesenchymal progenitors in the developing mouse lung. We observe a diversity of mesenchymal progenitor populations with different locations, movements, and lineage boundaries. Airway smooth muscle (ASM) progenitors map exclusively to mesenchyme ahead of budding airways. Progenitors recruited from these tip pools differentiate into ASM around airway stalks; flanking stalk mesenchyme can be induced to form an ASM niche by a lateral bud or by an airway tip plus focal Wnt signal. Thus, mesenchymal progenitors can be organized into localized and carefully controlled domains that rival epithelial progenitor niches in regulatory sophistication.
M
ost vertebrate organs are composed of epithelial tubes or sacs surrounded by support and stromal tissues that form during development from a loose collection of undifferentiated progenitor cells called mesenchyme (1) . Mesenchyme gives rise to a variety of cell types-including cartilage, smooth muscle, pericytes, mesothelium, and fibroblastswhose development and ultimate structural organization are intimately associated with the epithelia they surround (2, 3) . Mesenchymal cells have long been of interest to developmental biologists for their role as a source of signals that induce and pattern epithelial cell types (4, 5) . More recently, there has been a surge of interest in these cells because of their ability to serve as signaling centers that support stem cells and influence tumor progression (6, 7) and because mesenchyme-derived cell types contribute to many serious diseases, such as fibrosis of the lung and other organs (8) , and airway wall remodeling in asthma (9) .
Although the rules governing the behavior and regulation of a variety of epithelial progenitor cells and their niches have begun to be elucidated (10, 11) , much less is known about the identity and behavior of stromal cells and other progenitors in the mesenchyme (12) . The classical view is that mesenchyme cells are highly proliferative, migratory, and multipotent cells that expand during organ development and condense around endodermal epithelium to generate diverse support and stromal cell types (1, 13) . Epithelial signals, including Wnt, fibroblast growth factor (FGF), and Hedgehog family members, have been implicated in these processes (14) (15) (16) , but how the pathways affect mesenchymal progenitor cells is not well understood due to the variety of signals and challenges in following the behavior of individual mesenchymal cells in vivo.
Here, we adapt clonal cell labeling strategies in mice, like those recently used to elucidate epithelial progenitor and stem cell behavior in vivo (17) (18) (19) , to probe the behavior and potential of individual mesenchyme cells during lung development. The developing lung is composed of a branching airway tree and corresponding networks of developing blood vessels, all surrounded by undifferentiated pulmonary mesenchyme cells. Each of these tubular networks is associated with distinct smooth muscle support layers and other intervening cell types formed from the mesenchyme (20) . Our clonal analysis shows that mesenchymal progenitors are highly proliferative, as classical studies suggest, and they are also highly motile. However, their motility is not random, and we show how clonal analysis can be used to map mesenchymal progenitor niches and progenitor cell behavior at cellular resolution. This reveals a surprising diversity of mesenchymal progenitor populations with different locations, patterns of movement, and migration and lineage boundaries. We focus on the airway smooth muscle (ASM) progenitor population, which displays a remarkable degree of regulation that rivals that of epithelial stem cells, and show that a focal Wnt signal can regulate movement of ASM progenitors out of their niche.
Results
Marking cell clones in the developing lung mesenchyme
To identify progenitor cells in mouse lung mesenchyme and characterize their behavior at singlecell resolution, we carried out a clonal analysis in which individual lung mesenchyme cells were genetically marked and the structures of the resulting clones analyzed to reveal the proliferation, migration, and developmental potential of individual progenitor cells (Fig. 1, A and B) . Two Cre recombinase-dependent clonal labeling strategies were used to mark individual lung mesenchyme cells. In one, a ubiquitously expressed hypoxanthineguanine phosphoribosyltransferase-Cre (HPRT-Cre) allele was used to catalyze rare interchromosomal recombination events between mosaic analysis with double markers (MADM) chromosomes, which recreate the complete coding sequence for green fluorescent protein (GFP) on one resultant chromosome and the complete coding sequence for Discosoma sp. red fluorescent protein (DsRed) on the other (21) . This generates either red and green twinspot clones or yellow clones in all major lineages of the developing mouse lung (Fig. 1 , C, E, and F), and we focused on clones in the mesenchyme and its derivatives. Although HPRTCre is expressed from the earliest stages of embryogenesis (22) , cell labeling in the lung was first observed at embryonic day 11.5 (E11.5) and continues thereafter; we restricted our analysis to between E11.5 and E13.5, when individual clones could be resolved. All MADM samples were immunostained and analyzed in whole mount to preserve the three-dimensional arrangement of cells in the clone and their relationship to the rest of the developing lung.
To gain temporal and spatial control of clone generation, we combined a lung-specific mesenchyme enhancer element from the mouse Tbx4 locus (23) with an Hsp68 minimal promoter to drive Cre expression (Tbx4 LME -Cre) (Fig. 1G ) exclusively in the lung mesenchyme of transgenic mice (Fig. 1K) . Cre mRNA expression is robustly detected in early lung buds by E10.5 and continues through E14.5 but is undetectable by birth ( Fig. 1, H to J) . When crossed to a Cre reporter, recombination is observed in all lineages of the lung mesenchyme but excluded from both epithelium ( Fig. 1L ) and endothelium (24) . Virtually all lung mesenchyme and its derivatives are labeled by Tbx4 LME -Cre by E13.5, including undifferentiated mesenchyme, ASM, vascular smooth muscle (VSM), and mesothelium. This Cre mouse line thus allows targeted labeling and other genetic manipulations specifically in lung mesenchyme.
We also constructed a Tbx4 LME -CreER transgenic mouse ( fig. S1 ) in which Cre is fused to a modified estrogen receptor to allow temporal control of clone marking and the extent of cell labeling. We used the CreER transgene with the multicolor Rainbow reporter, in which an individual recombination event is marked by expression of one of three possible fluorescent proteins (25) . We titrated the dose of tamoxifen such that just one, or at most two, recombination events occurred in the lung, indicated by the presence of marked cells of a single color or two different colors (Fig. 1, M to O) . Lungs in which more than two colors were detected were excluded from analysis, and all cells of the same color within a lung were considered a clone. Because of the uncertainty about when MADM clones were induced, they are not included in the major clone table (Table 1) ; however, below we use examples of clones generated with both the Rainbow and MADM clone-marking systems (and separately tabulate the MADM examples) because our findings were similar for both.
Clonal analysis reveals cell dynamics of developing mesenchyme
Principles governing cell behavior in the developing mesenchyme can be deduced by examining random clones (26) . Comparison of cell number in each clone showed that proliferation rates vary substantially among mesenchyme cells. Rainbow clones induced at E10.5 and analyzed at E13.5 showed a range of 4 to 134 cells, giving calculated doubling times of 8 to 45 hours, assuming a 12-hour lag between tamoxifen administration and recombination ( Table 1) . Comparison of the E13.5 clones with ones analyzed at E14.5 identified a striking example of proliferative regulation ( Fig. 2A) . At E13.5, all clones, regardless of chase time or degree of differentiation, were composed of fewer than 200 cells, whereas at E14.5 a second class of clones was also observed (boxed in Fig. 2A ) that contained many more cells (257 to 840 cells) with various differentiated mesenchymal cells but dominated by undifferentiated mesenchyme (fibroblasts) ( Table 1 and fig. S2A ). Simulations indicate that these large, fibroblastdominated clones are unlikely to be misassigned polyclones ( fig. S2B ) but rather identify a subpopulation of highly proliferative fibroblasts that arise just after E13.5.
The MADM labeling system allows comparison of the behavior of sister cells in twinspot clones, red or green marked clones generated from a single parent cell (Fig. 2, C to F) . Such twinspot clones showed frequent and, in some cases, dramatic asymmetries in the number of cells generated from each sister cell (Fig. 2, D and  E) . The ratio of cell number in twinspots ranged from 1 to 11 (n = 53 twinspots; table S1), with 68% of twinspots differing by a factor of more than 1.5 ( Fig. 2C) and, in extreme cases (n = 7 of 53), the complete absence of a red or green twinspot (Fig.  2E ). Simulations indicated that such differences in sibling cell proliferation rates are unlikely to result solely from stochastic variation ( Clonal analysis also revealed a large amount of migration and intermixing among cells of the mesenchyme. Only 26% of labeled cells (n = 575 cells scored from five randomly selected clones) remained in contact with a sibling. These dispersed clones spanned as much as 1700 mm along the proximal-distal axis over a chase period of four days (Table 1) . Although 81% of clones (n = 70) were confined to a single lung lobe, clones induced as late as E11.5 were able to contribute to multiple lobes ( Table 1 ), implying that divisions between lobes are not complete until after that stage. However, clones spanning left and right lungs were never observed, even among clones induced at E9.5 when lung buds first emerge, indicating that the division between left and right is established early and cell movement between them occurs rarely or not at all (Table 1) . MADM samples analyzed in whole mount showed that most mesenchyme clones were found in cell clouds of no regular shape (Fig. 2D ), but when clones showed a directional bias, cells were arrayed lengthwise along airway branches rather than around a branch's circumference (Fig. 2F ), presumably reflecting cell movements associated with branch elongation.
An important exception to the above rules was clusters of squamous cells on the surface of the lung, in which 91% of labeled cells (n = 181 cells scored from five randomly selected MADM clones) remained tightly grouped, touching at least one other sibling cell (Fig. 1C) . In an extreme MADM clone of this type (clone 11, table S2), clonally related and tightly grouped clusters were found distributed across multiple lobes. We infer that these cells are mesothelium, the mesodermally derived squamous epithelium forming the outermost cell layer of the embryonic lung. This implies that mesothelium is specified early and disperses broadly across the lung surface, and then the distributed cells proliferate locally. No clones analyzed at E13.5 or earlier that contained mesothelial cells also contained other cell types (n = 3 Rainbow clones, Table 1 ; n = 11 MADM clones, table S2), suggesting that early in development the mesothelium is a lineage largely separate from the rest of the mesenchyme. However, 85% of mesothelial Rainbow clones examined at E14.5 (n = 13 clones) were mixed clones that also contained fibroblasts or other cell types ( Table 1 ), indicating that mesothelium does not remain a separate lineage at later time points, consistent with recent mesothelial lineage tracing experiments (27, 28).
Using clonal analysis to map mesenchyme progenitors and track progenitor behavior
Rules governing cell differentiation in the developing lung can also be inferred from clonal analysis. Given the common characterization of mesenchyme as a homogeneous tissue of broad potential (3) and the extensive movements revealed by the clonal analysis described above, our expectation was that mesenchyme clones would each be a random mix of multiple mesenchymal derivatives (29) , as illustrated in Fig. 1B . Such mixed clones were indeed recovered, especially in larger clones (Fig. 2B ), indicating that fixed single-potential lineages like early mesothelium do not dominate the development of other mesenchymal cell types. However, most (82%) Rainbow clones containing differentiated cell types at E13.5 (n = 27) showed a much more limited potential, containing just a single differentiated cell type (Table 1 and fig. S3 ).
By focusing on clones that contained fibroblasts (mesenchymal cells with spindle-shaped morphology that expressed none of the tested cell type-specific differentiation markers) plus cells of a particular cell type, and analyzing large numbers of clones, specific patterns emerged from which the location of progenitor cells for each cell type and the mechanism of progenitor recruitment and migration could be inferred. A simple example can be seen in clones containing fibroblasts and VSM, which wraps the pulmonary arteries. In all such clones analyzed at E13.5 (n = 8, Table 1 ), undifferentiated fibroblasts flanking the arteries were also labeled (Fig. 2, G and H (Fig. 2I) (30) . Below, we use this approach to map progenitors of ASM.
ASM progenitors reside at branch tips
Double labeling with cell type-specific antibodies to highlight both the airway epithelium and developing smooth muscle (Fig. 3A) shows that ASM forms first along bronchial branch stalks and only later at their tips, long implicating mesenchyme surrounding the stalk as the likely source of ASM progenitors (14, 31) , as in the model above for VSM. However, an analysis of the expression pattern of an FGF10-regulated lacZ transgene suggested movement of tip mesenchyme along branch stalks (32) , and the clone data and grafting experiments detailed below demonstrate that stalk mesenchyme does not contribute to ASM and that ASM progenitors are located exclusively at tips.
Labeled ASM cells in mesenchyme clones did not have siblings in the undifferentiated mesenchyme along the branch stalk, but rather sibling cells were located around and just ahead of the tip of the budding branch. These clones could be grouped into three categories based on the location and differentiation status of cells in the clones (Fig. 3, B to D) . In the first category (18% of Rainbow clones analyzed at E13.5; clones 28, 32, 40 and 59 in Table 1 ), some cells in the clone, those furthest from the differentiated ASM cells, are undifferentiated mesenchyme at the branch tip several cell diameters away from the epithelium, whereas intervening cells in the clone are directly adjacent to the airway epithelium, elongating into the crescent shape characteristic of ASM cells but not expressing smooth muscle differentiation markers (Fig. 3B) . In the second category (55% of
of the clone are integrated into the ASM layer and express smooth muscle a-actin (SMA) (Fig. 3C ). In the third category (27% of E13.5 ASM-containing Rainbow clones; clones 14 to 19), all cells in the clone are definitive ASM cells expressing SMA (Fig. 3D) . We propose that these categories represent three stages in a developmental series in which undifferentiated smooth muscle progenitors reside just ahead of the budding airway branch tip and are recruited to the ASM lineage. During recruitment by the airway epithelium, ASM progenitors adopt an elongated, crescent morphology and orient circumferentially around the bronchial branch and later turn on smooth muscle markers as the airway tip extends, leaving in its wake the differentiated contractile rings of smooth muscle cells along the airway stalk (Fig. 3F) . ) and degree of differentiation less (P = 9 × 10 The tip location of ASM progenitors was tested ex vivo by micrografting a tiny patch (~200 cells) of mesenchyme from a branch tip from Zoanthus sp. green fluorescent protein (ZsGreen)-expressing E11.5 and E12.5 donor lungs into tip positions in unlabeled littermate host lungs (Fig. 4A) . Host lungs were cultured at 37°C for 4 days, and grafted cells were monitored by ZsGreen fluorescence. During the culture period, grafted tip cells moved proximally along the airway epithelium, with cells in 86% of cultures migrating 200 mm or more (Fig. 4B and  fig. S5, A to D) . Many of the migrating cells near the airway epithelium differentiated into SMA-positive ASM cells (Fig. 4C) . This confirms that ASM progenitors are located just ahead of branch tips and shows that they can migrate along the tip to reach the stalk and begin differentiating into ASM.
A lineage boundary between stalk mesenchyme and ASM The failure of mesenchyme from airway flank to contribute to ASM is illustrated by large clones in which stalk mesenchyme was extensively labeled but mesenchyme at branch tips was not (Fig. 3E ). Labeled cells in these clones surrounded and contacted the developing ASM, but they did not contribute to it; there was a lineage boundary at the edge of the ASM layer that flanking cells did not penetrate. Together with the above results, these findings support a model in which (i) progenitors reside in a mobile progenitor pool near the distal tip of lung branches that moves with the growing branch tip; (ii) progenitor cells are progressively recruited from this pool onto the growing branch to form the ASM; and (iii) stalk mesenchyme cells are blocked from joining the ASM from the branch side.
Reversal of the stalk lineage boundary to form new tip progenitor pools
The lung forms by three main modes of branchingdomain branching, planar bifurcation, and orthogonal bifurcation ( fig. S4 ) (33)-and each of these different types of branches is associated with a tip progenitor pool. As the branch number increases, so do the number of tip progenitor pools. In the case of branches formed by airway tip bifurcation, we infer that the tip progenitor pool simply splits with the bifurcation of the epithelial portion of the branch. However, late-forming domain branches emerge from the side of the parental branch after the smooth muscle layer along the parent branch has formed, so these branches must bud through an existing smooth muscle layer (34) (Fig. 4E) . Rainbow clones generated with an ASM-specific CreER were found to be both multicellular and dispersed ( fig. S6) , showing that differentiated ASM cells of the parent branch remain proliferative and migratory. To investigate whether the smooth muscle layer that forms along the new branches comes from recruitment of these differentiated ASM cells of the parent branch or from undifferentiated stalk mesenchyme, we used a smooth muscle-specific CreER (35) and a saturating dose of tamoxifen at E11.5 to label virtually all of the existing ASM cells of the parent branch just before the budding of new domain branches. We then allowed the new branches to grow out through the labeled smooth muscle and harvested the embryos 3 days later, after the smooth muscle layer had formed around the new branches. We found that the daughter branch smooth muscle was unlabeled (Fig. 4F) , demonstrating that parental branch ASM is not a source of new smooth muscle cells along the daughter branch, nor does it substantially mix with daughter-branch ASM. Rather, the daughter branch induces a new tip progenitor pool from nonlineage labeled cells, presumably the stalk mesenchyme that flanks the ASM of the parent branch, overcoming the previous lineage restriction. Thus, with each new domain branching event a new source of ASM progenitors is induced, and a lineage boundary forms between the ASM layers of parental and daughter branches. The maintenance of this ASM lineage boundary also implies that any proliferation and cell movement within the formed ASM remains local and rarely crosses branch boundaries.
A focal Wnt signal can prime stalk mesenchyme to form a tip progenitor pool
To determine whether all signals required to convert naïve mesenchyme into a tip progenitor pool emanate from the epithelial branch tip, we exposed stalk mesenchyme to epithelial branch tips by ex vivo grafting. Small patches of stalk mesenchyme from ZsGreen-expressing donor lungs were micrografted into tip positions of unlabeled littermate hosts (Fig. 4A) , thereby exposing grafted cells to any signals coming from tip epithelium or mesenchyme flanking the graft site. During the 4-day culture period, the grafted stalk cells in nearly all grafts (89%; n = 27 grafts) remained at the graft site with little or no movement along the airway (Fig. 4B ) or differentiation to ASM (Fig. 4D) . Thus, signals from tip epithelium and flanking mesenchyme are not sufficient to induce stalk mesenchyme to form a tip progenitor pool.
This failure of grafted stalk mesenchyme to respond to tip epithelial cues suggests that factors normally found in tip mesenchyme are required to induce or maintain the tip progenitor pool. To identify signals capable of replacing this required tip mesenchyme factor, we grafted small pieces of labeled stalk mesenchyme to branch tips as above, then implanted a ligand-soaked bead at the distal tip of the grafted tissue. Host lungs were placed into culture and the position of the engrafted cells was monitored for 4 days, after which samples were fixed and stained for differentiated cell types. Grafted stalk cells in nearly all grafts implanted with phosphate-buffered saline (PBS)-soaked control beads (88%; n = 8 grafts) remained at the graft site, as expected (Fig. 5, A  and D) . However, grafted cells in grafts with beads soaked in WNT1 (89%; n = 19 grafts) migrated 100 mm or more along the growing airway and contributed to the smooth muscle layer (Fig. 5, C  and D, and fig. S5E ), an effect that was partially blocked by inclusion in the culture medium of extracellular Wnt antagonists Dkk1 or Sfrp1 (Fig.  5D) . Indeed, stalk mesenchyme grafts exposed to WNT1 beads were indistinguishable from grafts of tip mesenchyme (Fig. 5, C and D, and Fig. 4C ), demonstrating that a distal Wnt signal is sufficient to overcome the barrier to migration and smooth muscle recruitment observed in untreated stalk mesenchyme grafts. This effect was not seen with FGF10-soaked beads (n = 8 grafts) (Fig. 5, B  and D) , although FGF10 is a factor prominently expressed in tip mesenchyme and it has been implicated in smooth muscle recruitment (32, 36) .
To examine the molecular effects of Wnt signaling on stalk mesenchyme, we used oligonucleotide microarrays to transcriptionally profile stalk mesenchyme cultured with or without WNT1 and identified a Wnt response signature of 306 genes whose expression changed by a factor of two or more (table S3) . The Wnt response signature was enriched for WNT signaling genes as expected, and also for cell motility and migration, cell projection, and contractile fiber genes (table S4) , which presumably mediate the observed migratory and differentiative effects of WNT1. Comparison of the expression profiles of untreated stalk and tip mesenchyme showed that Wnt response signature genes were expressed at higher levels in tip mesenchyme ( fig. S7) , supporting a role for Wnt signaling in defining tip mesenchyme potential in vivo.
Because a Wnt ligand was sufficient to transform grafted stalk mesenchyme into cells whose behavior is indistinguishable from that of the tip progenitor pool, and because higher expression of Wnt response signature genes distinguishes tip mesenchyme, we tested the effect of increased levels of canonical Wnt signaling in the mesenchyme along branch stalks using Tbx4 LME -Cre to express a constitutively active form of b-catenin in the mesenchyme. In such lungs, the distal vascular plexus, which in control lungs of the same stage is a simple endothelial net, became wrapped with ectopic smooth muscle cells expressing the VSM marker NG2 (Fig. 5, F to H) , an arrangement reminiscent of the pericytes surrounding mature capillaries. This precocious recruitment of VSM to the distal plexus is accompanied by more subtle patterning changes in the smooth muscle layer around airways: The normally strictly parallel fibers oriented orthogonal to the branch axis (Fig. 5E) were disorganized in the mutant (Fig. 5F) , and the cells were less tightly apposed, resulting in a thicker, less-condensed ASM layer. In addition, smooth muscle cells were observed connecting the ASM layer with the ectopic VSM layer wrapping the vascular plexus (Fig. 5G) , a feature never observed in control lungs at any stage.
Discussion
Our lung mesenchyme-specific clonal analysis and micrografting experiments show that ASM progenitors are not broadly distributed but rather are confined to dynamic local pools around branch tips that move and bifurcate with the tips and from which progenitors are continuously recruited onto airway stalks, where they differentiate into smooth muscle. Clonal analysis also revealed a lineage boundary that prevents mesenchymal cells surrounding the stalks from becoming ASM from branch sides. However, new progenitor pools are induced in these regions around late-forming domain branches, creating a smooth muscle progenitor pool for each new branch whose progeny do not intermix with those of the parent branch. These progenitor pools require a budding airway tip and a priming signal that can be provided by a focal Wnt source, and delocalized Wnt pathway activity in vivo expands or alters the progenitor pool, causing ectopic smooth muscle formation on nearby plexus endothelial cells. Thus, ASM progenitors are organized into localized pools that are carefully regulated by surrounding signals.
These localized mesenchymal progenitor pools share several features with classical epithelial stem cell niches, such as those that maintain adult hair follicles and gut epithelium. Each is a focal collection of progenitors that resides in a specialized signaling environment that controls their proliferation as well as their recruitment out of the niche and differentiation into specialized cells (11, 37) , thereby coordinating the generation of a critical cell type with organ growth or maintenance. But unlike classical epithelial niches, which are typically located at fixed positions with stem cells segregated from other cell types (38) , these mesenchymal progenitor pools are highly dynamic and not bounded in any obvious way. A new smooth muscle progenitor pool is established with each new budding branch, and it moves and splits as the tip extends and bifurcates, with rapidly cycling and highly motile progenitors leaving the tip pool after only short and variable stays. Whereas epithelial stem cells self-renew (39, 40) , the smooth muscle progenitor pools are gradually depleted during embryogenesis, although some might remain at the end of branching to serve as adult stem cells in airway wall maintenance and remodeling.
Progenitors in lung mesenchyme are not all organized into such focal progenitor niches (Fig. 6) . Mesothelial progenitors populate the full mesenchymal surface, and clones remained coherent and restricted to the surface and the mesothelial lineage early in lung development (before E13.5); later, this barrier is lifted as dispersed clones containing mesothelium and other mesenchymal derivatives were recovered. VSM progenitors are even more broadly distributed, matching closest the conventional view of delocalized mesenchymal progenitors. However, even in this case, there is precise temporal and spatial control of progenitor recruitment, as VSM begins to form only at positions where the early vascular plexus has been replaced by the larger and more regular arterial and venous endothelial tubes. The mixed clones containing multiple differentiated cell types (clones 54 to 78, Table 1) demonstrate that daughter cells of early progenitors can disperse to seed multiple progenitor pools. Thus, lung mesenchyme is neither a large homogeneous progenitor pool, as it has classically been viewed, nor a collection of discrete, isolated, and unchanging progenitor niches. Rather, each differentiated cell type has a distinct mode of progenitor recruitment and regulated boundaries, which are modulated temporally and spatially, such that delocalization of the control signals disrupts the progenitor pools and therefore the patterning of stromal and support tissues. It will be important to elucidate the full set of signals that controls individual cells in each of these pools, including the specific Wnt(s) and other signals that control ASM progenitors, and how these signals change during development and in adult life. It will also be valuable to use the clonal and other approaches described here to explore the full diversity and dynamics of mesenchyme progenitor pools in other organs and disease contexts. in the supplementary materials. All animal experiments were performed in accordance with national and institutional guidelines.
Materials and methods
Mice
Clonal analysis
Clones were visualized using two independent multicolor cell labeling systems, MADM (21) and Rainbow (25) . In MADM, Cre-mediated interchromosomal recombination between MADM-RG and MADM-GR chromosomes in HPRT-Cre;MADM-GR/ MADM-RG embryos generates MADM-GG (fulllength GFP) and MADM-RR (full-length mycepitope-tagged DsRed) chromosomes, which can either segregate to the same daughter cell to give yellow clones or to separate sibling daughter cells to form twinspots with green GFP daughter cells and red myc-epitope-tagged DsRed daughter cells. Recombination is extremely rare and not temporally controlled; however, no labeled cells were detected in lungs before E11.5. Lungs were harvested between E11.5 and E13.5, the latest stage at which individual clones could be resolved. Whole-mount lungs were fixed and stained with antisera specific for clone markers GFP and myc-epitope-tagged DsRed plus a panel of tissuespecific markers, as described in the supplementary materials. Whole-mount immunostained lungs were imaged by confocal fluorescence microscopy. When the recombination of MADM chromosomes was driven with Tbx4 LME -Cre, labeled cells were not observed until after the developmental window considered here.
In the Rainbow system (25) , pregnant Tbx4 LME -CreER;Rosa26R-Rainbow females were given a single intraperitoneal injection of 0.5 to 0.7 mg tamoxifen (Sigma) dissolved in corn oil (Sigma) at the indicated gestational ages, and embryos were harvested several days later, as indicated. The low doses of tamoxifen induced rare recombination events; most lungs contained no labeled cells (n = 177 of 351 lungs assayed). Embryos were dissected, and their lungs were fixed, cryosectioned, and stained with SMA directly conjugated to Cy5 as described below and examined using fluorescent filters specific to each fluorophore. Only lungs containing one, or at most two, of the potential three-colored recombination products were used for further analysis (n = 56). The number, location, and differentiation state of the cells in each clone were recorded, and selected clones (n = 70) were analyzed by confocal fluorescence microscopy.
Grafting, bead implantation, and organ culture Small blocks of mesenchyme (<0.5 mm) containing roughly 200 T 50 cells were dissected from ZsGreen-expressing donor lungs at the indicated positions and micrografted to branch tips of wildtype littermate host lungs at E11.5 to E12.5. Grafted lungs were placed in organ culture in DMEM/F12 with 10% fetal bovine serum for 3 to 4 days at 37°C, and the invasion and differentiation of grafted cells were assessed without fixation by fluorescence stereomicroscopy and then by confocal fluorescence microscopy after fixation and immunohistochemistry. For bead implantation, after healing of the graft site overnight in culture, an agarose bead soaked in the indicated ligand was implanted at the graft site. For inhibitor treatments, 1 hour after bead implantation, organ cultures were transferred to growth medium containing the indicated concentrations of inhibitor.
Transcriptional profiling and statistics
Mesenchyme blocks from tip and stalk were dissected as above, and total RNA was isolated, amplified, labeled, and used to probe Mouse Genome 430 2.0 Arrays (Affymetrix). To define the Wnt response signature, stalk mesenchyme pieces dissected as above were cultured overnight in either control media or media containing 400 ng/ml WNT1 before RNA isolation and analysis, and genes with expression differences of twofold or greater between the conditions were identified using Affymetrix software. Details of the experimental and statistical analysis are given in the supplementary materials. 
